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 8 

Coastal wetlands provide valuable ecosystem services that are increasingly threatened by 9 

anthropogenic activities1. Atmospheric carbon dioxide (CO2) concentration has increased 10 

from 280 to 404 ppm since the industrial revolution, and is projected to exceed 900 ppm by 11 

21002. In terrestrial ecosystems, elevated CO2 typically stimulates C3 plant photosynthesis 12 

and primary productivity leading to an increase in plant size3. However, compared to woody 13 

plants or crops4, the morphological responses of clonal non-woody plants to elevated CO2 14 

have been less well-studied. We show that 30 years of experimental CO2 enrichment in a 15 

brackish marsh increased primary productivity and stem density, but decreased the stem 16 

diameter and height of the dominant clonal species Schoenoplectus americanus. Smaller, 17 

denser stems were associated with the expansion of roots and rhizomes to alleviate nitrogen 18 

(N) limitation as evidenced by high N immobilization in live tissue and litter, high tissue C:N, 19 

and low available porewater N. Changes in morphology and tissue chemistry induced by 20 

elevated CO2 were reversed by N addition. We demonstrate that morphological responses to 21 

CO2 and N supply in a clonal plant species influences the capacity of marshes to gain elevation 22 

at rates that keep pace with rising sea levels. 23 



Terrestrial plants are experiencing the highest atmospheric CO2 concentration in the past 24 

800,000 years5. The stimulation of carbon (C) fixation by elevated CO2 -- the CO2 fertilization 25 

effect -- is well documented6. Increases in leaf-level C uptake rates are often accompanied by 26 

changes in plant morphology or morphometric sizes, such as increased height, stem diameter, 27 

leaf area index, leaf number, and root volume7, 8, 9, 10. These morphometric changes are widely 28 

observed to influence competitive dynamics11, 12, with implications for ecosystem structure and 29 

function. 30 

Resource availability regulates the effect of elevated CO2 on total biomass production but 31 

can also influence changes in plant size and patterns of biomass allocation. Elevated CO2-32 

induced changes in plant morphology are poorly understood compared to changes in total 33 

biomass, and morphological changes are highly variable along environmental gradients and 34 

between plant functional groups, reflecting species-specific strategies for resource acquisition7, 35 

9. For instance, plant species can overcome N limitation caused by CO2 fertilization in low-N 36 

environments if they possess traits to mine and recycle N through shared underground 37 

networks of ectomycorrhizae13, illustrating the importance of understanding how resource 38 

acquisition influences plant responses to elevated CO2. Similarly, clonal plants employ shared 39 

underground networks of roots and rhizomes to exploit heterogeneous soil resources, affording 40 

a competitive advantage in resource-poor environments14. Clonal plants are ubiquitous, 41 

occurring in 10 out of 11 classes of vascular plants, and are an important component of many 42 

ecosystems15; yet, their morphological responses to elevated CO2 are understudied compared 43 

to other functional groups such as non-clonal trees, shrubs, herbs, and crops. Clonal 44 

architecture has important implications for biomass allocation and resource acquisition strategy 45 



that can propagate into ecosystem level responses to global change. For example, growth 46 

allocation to rhizomes and ramets may influence stem density and decrease interannual 47 

variation in plant growth by storing resources when conditions are favorable and remobilizing 48 

them when conditions are adverse14. 49 

Our objective was to examine the morphological responses of a clonal marsh plant species 50 

to elevated CO2 and N addition using long-term data from two field experiments in a tidal 51 

marsh on the Chesapeake Bay. The native plant community is dominated by the perennial C3 52 

sedge Schoenoplectus americanus and two co-dominant C4 grasses, Spartina patens and 53 

Distichlis spicata. Experiment 1 began in 1987 and consists of open-top chambers ventilated 54 

with either ambient air or CO2 concentrations elevated to 700-800 ppm. Experiment 2 began in 55 

2006 to investigate interactions between elevated CO2 and N addition with 4 treatments: 56 

ambient CO2, ambient CO2 + N, elevated CO2, and elevated CO2 + N. In both experiments, we 57 

made annual measurements of stem morphology (height, width, and density), stem biomass, 58 

belowground productivity, tissue chemistry, porewater ammonium (NH4
+, started in 2002 in 59 

Experiment 1), and soil surface elevation change. Morphometric data were collected only for S. 60 

americanus; the morphometric responses of C4 grasses were not examined because the growth 61 

form of these species does not lend itself to such measurements16.  62 

Elevated CO2 increased sedge total biomass by an average of 20% over the control in 63 

Experiment 1. The CO2-driven increase in belowground biomass productivity (34% ± 7) was 64 

larger than the increase in aboveground biomass (17% ± 4), resulting in a 16% ± 6 increase in 65 

the below:above biomass ratio (Fig. 1a). Simultaneously, the density of stems increased 51% ± 6 66 



(Fig. 2a, Appendix 1, Table S1) and the biomass of individual sedge stems decreased 16% ± 1 67 

(Fig. 2b), corresponding to a 5% decline in stem height and a 10% decline in diameter (Fig. 2c, 68 

d). Moreover, stem density and rhizome biomass were positively correlated (R2=0.30, P < 69 

0.0001, Fig. S1), suggesting that the CO2-induced increase in belowground allocation was 70 

expressed through the clonal architecture of the sedge. 71 

Plants shift biomass allocation between roots and shoots to optimize resource capture and 72 

use, with allocation to photosynthetic aboveground biomass for CO2 uptake, and to 73 

belowground biomass for nutrient uptake17. Salt and brackish systems tend to be N limited 74 

because the phosphorus that would be bound to iron in freshwater systems is liberated by the 75 

sulfates in seawater18. N limitation is known to constrain the CO2 fertilization effect13, 19, 20, and 76 

in our experiments elevated CO2 induced the classic symptoms of progressive N limitation in 77 

this coastal wetland ecosystem19. Elevated CO2 plots in Experiment 1 had more N sequestered 78 

in plant biomass (i.e., 5% increase in shoot N and 12% increase in root N) and litter (21% 79 

increment, Fig. 1a), and less plant-available inorganic soil N (i.e., 47% lower porewater [NH4
+]; 80 

[NO3
-] was below detection, Fig. 1a, Fig. S2a), implying soil N depletion in the rooting zone. 81 

Elevated CO2 increased the C:N ratio in sedge shoot, root, and rhizome biomass by 18%, 10%, 82 

and 23%, respectively (Fig. 1a), consistent with a CO2-induced increase in N use efficiency21. 83 

Preferential allocation of photosynthate to roots and the rhizome network helps alleviate N 84 

depletion by expanding the surface area for N acquisition22. In this clonal species, rhizome 85 

extension leads to increased tiller recruitment and ultimately higher stem density23. 86 



Experiment 2 provides an experimental test of inferences about CO2-induced N limitation 87 

from Experiment 1. In Experiment 2, elevated CO2 alone produced the same response in sedge 88 

density and size observed Experiment 1, but the effect was absent when elevated CO2 was 89 

crossed with N addition, in which case individual S. americanus stem size increased (Fig. 1b). As 90 

in Experiment 1, the CO2-only treatment decreased inorganic N by 48% ± 4 (Fig. 1b, Fig. S2b), 91 

while adding N to elevated CO2 plots increased porewater inorganic N by 5% ± 9 higher than 92 

that in ambient plots. Moreover, the N-only treatment resulted in a 15% decrease in 93 

belowground productivity, indicating reduced plants biomass allocation to root systems for N 94 

uptake under N enrichment. 95 

In contrast to the common result that plant size increases under elevated CO2, we 96 

observed that elevated CO2 caused a clonal plant to produce smaller individual stems at higher 97 

density. While “shrinking stems” in response to elevated CO2 have been observed in other C3 98 

grasses8, we clearly demonstrate that this is an indirect response to N deficiency in a clonal 99 

plant species through manipulative experiments. We propose a conceptual framework for the 100 

responses of clonal plant growth to CO2 enrichment (Fig. 3). Elevated CO2-stimulation of plant 101 

productivity (clonal and non-clonal) leads to soil N deficiency because the increase in N demand 102 

is not satisfied by a combination of increased N uptake and shifts in plant C:N ratio. In most 103 

plant functional groups, this shift leads to an increase in growth allocation to belowground 104 

structures and increased N uptake without necessarily changing plant density. However, in 105 

clonal species, increasing belowground growth generates a more extensive rhizome system, 106 

more tiller-recruitment of stems, and increased stem density. Because the increase in stem 107 

density is not entirely compensated by higher ecosystem NPP, individual plant stems are 108 



smaller. Because shrinking stems coincide with N depletion and can be reversed by N 109 

enrichment (Fig. 1b), we conclude that the response of clonal plant morphology to elevated CO2 110 

is regulated by soil N limitation (Fig. 3, Fig. S3) and suggest that shrinking stem sizes can be used 111 

as evidence of N limitation in clonal plant communities. Such responses to CO2-induced N 112 

limitation are observed in a variety of terrestrial ecosystems where clonal species occur, but the 113 

consequences of allocation shifts for plant morphology, stand structure, and ecosystem 114 

function have been largely overlooked.  115 

The phenotypic plasticity of marsh plants in response to elevated CO2 has an important 116 

impact on the survival of coastal wetlands and their ecosystem services. The effectiveness of 117 

wetland vegetation in dissipating storm energy is tied to the density and morphology of stems, 118 

and their effect on frontal area (i.e., the total cross-sectional area of stems perpendicular to 119 

flow velocity)24, 25. We calculated changes in frontal area in response to elevated CO2 in 120 

Experiment 1 and 2 and found significant increases in frontal area due to increased stem 121 

density (Table 1). The analysis indicates that elevated CO2 may enhance the value of marshes as 122 

natural infrastructure for coastal protection through a mechanism tied to clonal traits24. These 123 

morphological changes in response to elevated CO2 also have important implications for the 124 

habitats of wetland birds, nekton and benthic invertebrates26, 27, 28, and they influence key 125 

ecosystem processes such as soil formation, C storage, and nutrient retention29. 126 

Perhaps most importantly, changes in root and shoot morphology directly influence the 127 

capacity of coastal wetlands to build elevation in response to rising sea level30, 31. At our high 128 

marsh site in the Chesapeake Bay, 69% of the species are clonal, and clonal plants occupy 68% 129 



of marsh area. Tradeoffs between shoot and root productivity under elevated CO2 potentially 130 

alter the balance between the contributions of surface mineral sedimentation and subsurface 131 

root expansion to elevation gain1. Long-term field measurements indicate that elevated CO2-132 

enhanced belowground production increased elevation gain by 1.5 mm yr-1 via subsurface 133 

expansion32. As sea level rises and plants are flooded more frequently, aboveground biomass 134 

and stem morphology also influence elevation gain by enhancing the settling of suspended 135 

mineral sediments on the marsh surface33, 34, 35. We explored the effects of changes in stem 136 

structure on potential mineral deposition using a previously published model35, 36 to simulate 137 

increased flooding 25 years in the future (~8 cm of increased flooding, Appendix 2). Modeled 138 

surface sedimentation was enhanced an additional 0.7-1.5 mm yr-1 by elevated CO2 and the 139 

combination of elevated CO2 and N (Table 1), suggesting an aboveground mechanism for 140 

increasing the resilience of C3 marsh ecosystems to sea level rise. Feedbacks between 141 

aboveground biomass and mineral sedimentation become stronger with increasing flooding 142 

duration, and suspended sediment supply1, 35, suggesting that the positive effects of elevated 143 

CO2 on elevation gain may amplify under these conditions. Such responses will vary with factors 144 

such as suspended sediment supply, watershed N loading, plant traits, and other site-specific 145 

characteristics. For example, plants responded to the combination of elevated CO2 and N in 146 

Experiment 2 with an increase in stem size, density, aboveground biomass, and belowground 147 

productivity compared to the ambient treatment, which translated into both higher modeled 148 

surface accretion and subsurface expansion (Table 1). However, N can also cause root biomass 149 

to decline37, in which case elevation gains from increased surface accretion may be offset by 150 

lower subsurface expansion. Process-based models informed by observations and experiments 151 



are required to integrate the complex feedbacks that ultimately govern elevation gain. Plant 152 

traits such as clonal architecture that govern density, height, root allocation, and other 153 

morphological responses to global change have important ecosystem consequences that are 154 

presently missing from forecast models. 155 

We showed that elevated CO2 and N addition elicit significant changes in the structure and 156 

function of coastal marshes that arise from tractable plant traits such as clonal architecture. 157 

The 30-year data set presented here raises additional questions that are outside the scope of 158 

the present study. Firstly, Rasse et al. summarized the data from Experiment 1 after 17 years 159 

and found that S. americanus density in the C3 community increased by 128% compared to 51% 160 

in the present study38 (Fig. 2a). Our results demonstrate that the direction of the density 161 

responses remained the same after an additional 13 years CO2 enrichment, but the amount of 162 

stimulation has declined due to resource limitation, interactions with other variables such as 163 

sea level rise, or other factors. Secondly, the stem biomass and density responses in the C3 164 

community changed over time (Table S1), perhaps with changes in salinity, NH4
+ discharges 165 

from the Rhode River watershed, or other factors that require additional exploration (Table S2). 166 

Thus, future studies must consider additional important factors such as warming temperatures, 167 

changing precipitation and hydrologic extremes, changing salinity and inundation regimes, and 168 

invasive species. 169 

  170 
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Methods 283 

The open top chamber (OTC) CO2 enrichment experiment, initiated in 1986, is located at 284 

Kirkpatrick marsh (38°53′N, 76°33′W), a 23-ha brackish salt marsh on the Rhode River estuary in 285 

Chesapeake Bay, on the eastern coast of the United States. This common Chesapeake Bay high 286 

marsh ecosystem is dominated by a perennial C3 sedge Schoenoplectus americanus, and two 287 

co-occurring C4 grasses Spartina patens and Distichlis spicata. Mean annual temperature is 14.1 288 

°C and mean annual precipitation is 948 mm. Mean tidal range is approximately 40 cm, and the 289 

marsh platform is about 18 cm (in the C3 plots) and 40 cm (in the C4 plots) above daily mean low 290 

water level. Water level is higher than mean marsh elevation about 25% of the time. The soils 291 

contain approximately 80% organic matter (i.e. peat) to a depth of 5 m. The morphometric data 292 

used in our analysis was available only for C3 sedges; morphometric data are not collected on C4 293 

grasses in these long-term experiments because of their small stem diameter and high density 294 

(Appendix 1). 295 

Experiment 1: Three plant communities were distinguished in the marsh, a C3 community 296 

dominated by S. americanus, a C4 community consisting of S. patens and D. spicata, and a 297 

mixed C3/C4 community. OTC was used to increase the CO2 concentration around the plants in 298 

each of the three communities. Ten circular chambers of 80 cm diameter and 100 cm height 299 

were placed in each community. In five of the chambers, atmospheric [CO2] was elevated to 300 

340 μl CO2 l-1 above the ambient CO2 concentration (about 340 μl CO2 l-1 at the beginning of the 301 

study). The CO2 concentration in the other five chambers was ventilated with ambient air as the 302 

ambient treatment. To determine a possible OTC effect on plant growth, five outside chamber 303 



control sites in each community were compared with the ambient CO2 chambers. CO2 exposure 304 

began each year when the plants emerged in the spring and continued 24h a day through 305 

autumn following total senescence. A survey of all plots was conducted in 1986 before initiation 306 

of the treatments and showed no significant differences in plant biomass assigned to the three 307 

treatments in each community. 308 

Experiment 2: Twenty octagonal OTCs of 200 cm height and 150 cm diameter were established 309 

adjacent to the site of Experiment 1 in 2006. OTCs were randomly assigned to one of four 310 

treatment groups (n=5): ambient CO2, ambient CO2 + N, elevated CO2, and elevated CO2 + N. 311 

CO2 treatment was consistent with Experiment 1. N was added by spraying NH4Cl monthly from 312 

May to September each year (total 25 g N m−2 year−1). 313 

Total height, green height and half height diameter of each C3 sedge stem were measured and 314 

stem density was counted in the plots each year. The dry mass of individual stems was 315 

determined using an allometric equation based on destructively harvested samples16, and the 316 

resulting mean biomass was multiplied by the stem density to estimate aboveground biomass. 317 

Belowground plant productivity was estimated each year by three root ingrowth cores in each 318 

plot. Nine porewater wells were placed in each chamber with three depths: 15, 30 and 75 cm. 319 

Porewater was sampled and NH4
+ concentration was analyzed approximately monthly during 320 

the growing season. In these anaerobic marsh soils, porewater NO3
- is typically below detection 321 

limits and does not contribute substantially to soil available N. 322 

In this study, we calculated the response ratio to reflect the response of plant and porewater N 323 

to elevated CO2. Response ratio is defined as the ratio of the mean value of a given variable in 324 



the treatment group (elevated CO2 or elevated CO2 plus N addition) to that in the control 325 

group. The ratio for each year was calculated from the means of replicate plots (generally n=5) 326 

in each treatment. The annual ratios were then averaged to reflect the treatment effect across 327 

the 30-year (Experiment 1) or 11 year (Experiment 2) record. Repeated measures using a mixed 328 

effects model was used to test for significant differences in stem biomass, height, diameter, 329 

and densities between the elevated CO2 and ambient CO2 chambers in SAS program (version 330 

9.0). A discrete autoregressive correlation model was conducted to test time effects. The 331 

environmental and climate impact was examined with correlations between C3 sedge 332 

aboveground biomass and annualized environmental factors using Pearson’s r statistic. Figures 333 

and linear regression results were conducted using SigmaPlot (version 10.0, SPSS Inc., Chicago, 334 

IL, USA). 335 

We modeled changes in potential mineral accretion using a previously published model of 336 

marsh vertical accretion that takes into account the height, diameter, and density of marsh 337 

vegetation35, 36. We used treatment-specific relationships between aboveground biomass and 338 

stem structure (density, diameter, and height) from Experiments 1 and 2. Because mineral 339 

accretion rates at this high elevation marsh are presently limited by very infrequent surface 340 

flooding, we modeled the effect of biomass and stem structure on mineral accretion rates for a 341 

future marsh that is lower elevation and more frequently flooded due to accelerated sea level 342 

rise. Specifically, model experiments used a lower elevation of Kirkpatrick Marsh (0.1 m above 343 

MSL), which is approximately 0.08 m below the current elevation of Experiments 1 and 2, to 344 

simulate an increase in inundation due to sea level rise (25 years at the current 3.4 mm yr-1) 345 

where surface accretion would be a significant contribution to vertical change. All other 346 



parameters reflect current conditions (suspended sediment = 25 mg L-1, 44 cm tidal amplitude) 347 

or original model parameters used by Mudd et al. 201035. Finally, we calculated frontal area (𝜆) 348 

as a proxy for the potential of vegetation to disperse storm energy: 349 

𝜆 =
𝑤ℎ𝑛

𝐴
 350 

where 𝑤 and ℎ are the plot-mean stem width and height, 𝑛 is the number of stems per plot, 351 

and 𝐴 is the plot area. 352 
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Data Availability 354 

Morphometric and derived biomass data from the experiments are posted on the Global 355 

Change Research Wetland website (http://serc.si.edu/gcrew/data) and all data are available 356 

from the corresponding authors upon request. 357 
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